ABSTRACT DNA polymerase I (pol I) processes RNA primers during lagging-strand synthesis and fills small gaps during DNA repair reactions. However, it is unclear how pol I and pol III work together during replication and repair or how extensive pol I processing of Okazaki fragments is in vivo. Here, we address these questions by analyzing pol I mutations generated through error-prone replication of ColE1 plasmids. The data were obtained by direct sequencing, allowing an accurate determination of the mutation spectrum and distribution. Pol I's mutational footprint suggests: (i) during leading-strand replication pol I is gradually replaced by pol III over at least 1.3 kb; (ii) pol I processing of Okazaki fragments is limited to $20 nt and (iii) the size of Okazaki fragments is short ($250 nt). While based on ColE1 plasmid replication, our findings are likely relevant to other pol I replicative processes such as chromosomal replication and DNA repair, which differ from ColE1 replication mostly at the recruitment steps. This mutation footprinting approach should help establish the role of other prokaryotic or eukaryotic polymerases in vivo, and provides a tool to investigate how sequence topology, DNA damage, or interactions with protein partners may affect the function of individual DNA polymerases.
INTRODUCTION
ColE1 plasmids constitute a class of plasmids that share regulatory mechanisms of replication [reviewed in refs. (1, 2) ]. In these plasmids, replication is controlled by a $600 bp-long sequence known as plasmid origin of replication or ori (1,3). ColE1 plasmids have been extensively used as a model to study fundamental processes of DNA homeostasis and are present in most Escherichia coli expression and shuttle vectors (4) .
ColE1ori sequences encode an RNA primer that is processed by RNAseH and extended by DNA polymerase I (pol I). DNA polymerase I extension unwinds the DNA, exposing a primosome assembly signal (n 0 pas) or single-strand initiation A (ssiA) sequence on the leading strand (5) . This single-stranded sequence motif allows assembly of the primosome through recruitment and activation of the PriA protein. PriA-dependent initiation represents a distinct form of DNA replication initiation, typically associated with DNA repair. This is in contrast to DnaA-dependent replication initiation at oriC, which mediates replicative DNA synthesis (6) . Following PriAprimosome assembly, DnaB helicase and DnaG primase work coordinately to initiate lagging-strand synthesis. Primosome movement facilitates lagging-strand replication, which proceeds discontinuously by extension of short primers laid out by the primase. Leading-strand replication, on the other hand, appears to be continuous, although there are some indications that it may be discontinuous as well (7, 8) .
*To whom correspondence should be addressed. Tel: +831 459 5396; Fax: +831 459 3524; Email: mcamps@ucsc.edu Pol I activity is essential for ColE1 plasmid replication (9, 10) . Three distinct roles have been recognized for this enzyme: (i) extending the processed ori RNA primer; (ii) unwinding the DNA until the primosome is assembled and the DnaB helicase becomes active and (iii) processing Okazaki RNA primers during lagging-strand synthesis. A number of questions regarding the role of pol I during ColE1 plasmid replication in vivo remain unsolved, though. The size of the pol I extension product (corresponding to the 6sL replication intermediate) is unclear, with reports ranging from 100 nt to 1.5 kb (10) (11) (12) (13) . The extent of pol I processing of short ($11 nt) RNA primers on the lagging-strand is also unknown due to the nick-translation activity of this polymerase, i.e. to its ability to degrade RNA or DNA in the 5 0 to 3 0 direction while simultaneously extending it in the 5 0 to 3 0 direction (14) . Likewise, it remains unclear how sharp the transition or 'switch' from pol I to pol III replication is in vivo.
Here we use error-prone pol I replication of a ColE1 plasmid to address these questions. The low-fidelity pol I mutant used in this study bears mutations in three key determinants of fidelity, which together increase the mutation frequency of the polymerase in vivo by three orders of magnitude (15) . The highly elevated mutation frequency of this error-prone polymerase was essential for the compilation of our database, facilitating the detection of mutations without the use of any selectable reporter. This approach provided an unbiased spectrum and accurate information of the physical distribution of the mutations. We have to assume that the mutations decreasing the fidelity of our error-prone pol I mutant don't significantly change other aspects of pol I functionality. That having been said, the error-prone replication footprint of pol I suggests that: (i) on the leading-strand, pol I is replaced by pol III very gradually over at least 1.3 kb; (ii) that on the lagging-strand pol I processing of Okazaki fragments is limited to $20 nt, which may represent the true size of Okazaki primers in vivo; and (iii) that the size of Okazaki fragments may be shorter for PriA-dependent replicons than that of DnaA-dependent replicons.
Given that ColE1 plasmid, DNA repair associated, and oriC-dependent DNA synthesis differ mainly at the recruitment steps, our findings can likely be generalized to other pol I-dependent replicative processes. In addition, our work shows that mutational footprinting can be utilized to define the template for DNA synthesis by specific DNA polymerases in vivo, and could be used to establish the role of other prokaryotic and eukaryotic polymerases in the cell. Our approach can also be used as a tool to study the impact of sequence topology or of DNA damage on replication by specific polymerases or to study how replication is modulated by interactions between individual DNA polymerases and specific protein partners in vivo.
MATERIALS AND METHODS

Bacterial strains
JS200 (SC-18 recA718 polA12ts uvrA355 trpE65 lon-11 sulA1) cells were used as our host strain. The polA12 allele encodes a point mutation in pol I (G544D) that interferes with the coordination between the polymerase and the 5 0 ! 3 0 exonuclease activities (16) . This mutant exhibits reduced temperature stability and activity at 42 C (17). RecA718 is a sensitized allele of RecA, resulting in SOS induction under conditions that are restrictive for polA12 (18) .
Plasmid constructs
Our mutagenic plasmid expressing low-fidelity pol I (muta-plasmid) was generated by cloning of the mutant pol I sequence into a pHSG576 vector between the HindIII/EcoRI restriction sites, and bears chloramphenicol resistance (19) . The human thymidine kinase (hTK) library was generated by cloning in hTK into the pCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA, USA) (20) , which carries a carbenicillin gene as a selectable marker. pGFPuv (with carbenicillin resistance) was obtained from Clontech (Mountain View, CA, USA). The annotated sequence of our hTK and GFP plasmids is shown in Supplementary Figure S1 .
Media and supplies
Growth media LB Agar and LB broth were purchased from Fisher Scientific and prepared according to vendor specifications. Mutagenesis was carried out in 2XYT rich media containing 0.016 g/ml bacto tryptone, 0.01 g/ml bacto yeast extract and 0.005 g/ml NaCl suspended in deionionized water. The antibiotic concentrations used for marker selection are: 30 mg/ml (chloramphenicol) and 50 mg/ml (hTK) or 100 mg/ml (all other libraries) (carbenicillin). All DNA isolation procedures were performed using Machery Nagel's Nucleospin Plasmid miniprep. Sequencing was carried out by the sequencing service of the Department of Chemistry of the University of Washington (University of Washington, Seattle) or by Sequetech (Mountain View, CA, USA).
Error-prone pol I mutagenesis
The target plasmid, a ColE1 plasmid bearing the gene of interest, was transformed into JS200 cells carrying mutaplasmid, the pSC101 (pol I-independent) plasmid bearing our low-fidelity pol I. When these transformants are grown under restrictive conditions, low-fidelity pol I is the functional polymerase present in the cell, introducing random errors during replication of the ColE1 target plasmid. Mutagenesis was performed in liquid culture, by switching a culture grown under permissive conditions (LB, 30 C, exponential) to restrictive conditions (2XYT, 37 C, saturation) as described in ref. (15) . Briefly, $100 ng of the target plasmids (hTK-Topo or pGFPuv) were transformed into electrocompetent JS200 muta-plasmid cells [for preparation of competent cells, see ref. (21) ]. The transformants were resuspended in 1 ml LB broth, recovered for 1 h at 30 C, and plated at 30 C on LB agar plates containing 50 mg/ml carb (hTK) or 100 mg/ml carb (pGFPuv). A single colony was picked from each plate, inoculated into 4 ml LB broth and grown at low density at permissive temperature (30 C) . For mutagenesis, an aliquot of the overnight culture (dilution factor 1:10 3 to 1:10 5 ) was transferred into 4 ml of 2XYT media (pre-warmed at 37 C), and grown shaking at 37 C for 1 or 3 days to reach complete saturation or hypersaturation (21) (hypersaturated cultures denoted as 'Day 3' in Table 1) . Following mutagenesis, library plasmid DNA was isolated using Machery Nagel's Nucleospin Plasmid miniprep kit and put through an additional round of mutagenesis (see below). For sequencing, plasmids were retransformed into a strain that is WT for pol I to separate out individual plasmids and either recovered for sequencing or sequenced by rolling circle amplification (RCA) (22) .
Iteration of mutagenesis and sequencing
The mutagenesis procedure in liquid culture described above was repeated to increase the mutation frequency as described in detail in ref. (21) . Briefly, the plasmid library recovered from the initial round of mutagenesis was retransformed into fresh JS200 muta-plasmid cells at 30 C. A plate containing a high density of transformant colonies (>100 000 colonies) was washed with 2 ml LB. For additional mutagenesis, 10 5 cells from this wash were inoculated into 4 ml of 2XYT media at 37 C and grown to saturation. This procedure was repeated until the desired mutation frequency was reached. Individual plasmids were identified through transformation of a small amount of plasmid DNA (50-100 ng) into a strain that is WT for pol I, DH10beta (hTK) or BL21 (pGFPuv). From this transformation, individual colonies were sequenced. In Supplementary Table S1 for each clone present in our libraries, we list number of mutagenesis cycles, sequence coverage, and mutations found. This information is summarized in Table 1 of the main text.
Library curation
We found evidence for the presence of mutation hotspots in the hTK library. This conclusion was based on distribution of number of mutations/position, which clearly deviated from Poisson (Supplementary Figure S2a) and on the fact that only one type nucleotide substitution was dominant at these sites (Supplementary Figure S2b) . Based on this analysis, we conservatively eliminated all mutations present at positions with !6 mutations from our database. The positions and nucleotide substitutions involved are listed in Supplementary Figure S2b . Our hTK database also contained clones sharing more than one mutation (Supplementary Table S2 ), which may have been the result of limited clonal expansion events. To rule out this possibility, we conservatively included only ancestral mutations in our subsequent analyses (Supplementary Table S2 ). Limited clonal expansions would suggest either a mild positive selection for specific mutations or a stronger selective pressure combined with significant clonal interference (23) . While the human thymidine kinase gene was cloned without a promoter, low levels of expression cannot be ruled out in the absence of a repressor. Despite the evidence for limited clonal expansions and the presence of occasional hotspots, the hTK library showed broad genetic diversity and was therefore adequate for our footprinting analysis. Further, the main conclusions drawn from the thymidine kinase library were independently confirmed in a different library (the GFP library). Our final, curated libraries included a total of 393 mutations (TK) and 244 mutations (GFP). These mutations are listed by position, relative to RNA/DNA switch, in Supplementary Table S4 .
Statistical methods
All statistical analyses were performed using the R statistical computing package (R-foundation for Statistical Computing: Vienna, Austria, 2009). The significance of biases in the frequency of mutation between complementary pairs was assessed using a two-sided binomial test (Table 2) .
RESULTS
Generation of a neutral pol I mutation database
In order to obtain new insights into the function of pol I in the cell, we compiled a database of pol I mutations. Our database contains sequence encoded in a ColE1 plasmid not subject to specific selective pressure, i.e. neutral sequence.
To facilitate our data collection, we decreased the fidelity of pol I replication in vivo by expressing a mutant polymerase in a polA (temperature-sensitive) strain and growing cells under restrictive conditions (37 C and saturation) (15) . To raise the mutation density, libraries were submitted to multiple iterations of pol I mutagenesis: 5-7 for hTK, and 1-2 for GFP (Table 1 ). Our method of pol I mutagenesis in vivo in liquid culture has been described in detail (21) , and the generation of our libraries is described in the 'Materials and Methods' section. Briefly, following mutagenesis at 37 C, plasmids were recovered and retransformed into wild-type cells to separate out individual plasmids for sequencing analysis. For iteration, the plasmid libraries were retransformed into cells expressing our error-prone pol I at 30 C, and a large number of transformants (>10 5 ) was recovered by plate wash, inoculated into a fresh culture, and grown to saturation at 37 C. This process was iterated until the desired mutation frequency was reached. At this point individual plasmids were sequenced.
We targeted two ColE1 plasmid constructs for mutagenesis: a plasmid bearing human thymidine kinase (hTK) cloned in a TOPO vector (20) , and a plasmid bearing 'cycle 3 0 green fluorescent protein (GFP) in pGFPuv (Clontech). The annotated sequence of these plasmids is listed in Supplementary Figure S1 and their graphic maps are shown in Figure 1 . Both constructs bear a pBR322 (pMB1) ori, which is a ColE1-like origin of replication (24) . Note that ssiA, the primosome assembly site for the lagging strand (25, 26) , is present in our constructs. SsiB, a second primosome assembly site for the leading strand (which is typically further downstream), is absent in the hTK construct and displaced in pGFPuv ( Figure 1 ). In addition to the ori sequence, the 419 nt downstream of the DNA/RNA switch (including the lac promoter) are identical between the two constructs.
We sequenced a total of 134 kb from 153 independent clones (hTK libraries) and 369 kb from 339 independent clones (GFP libraries). The sequence represents the leading-strand. Table 1 shows the number of clones (transformant colonies) analyzed, nucleotides sequenced, and mutations identified for each library; the sequence coverage is graphically displayed in Figure 1 : it starts 5 0 of the DNA/RNA switch and extends to >1 kb 3 0 of it ( Figure 1) .
In the hTK library we found 11 hotpots, i.e. positions with substantially more mutations than would be expected based on a random (Poisson) distribution (n ! 6; Supplementary Figure S2a) . The mutations present in these hotspots are listed in Supplementary Figure S2b . We also found examples of what appeared to be mild clonal expansions, based on the fact that some clones shared two or more mutations, an event that should be exceedingly rare by chance since it involves a combination of two rare events (Supplementary Table S2 ). To ensure that only independent TK mutations were included in our analysis, we conservatively removed all mutations present in mutation hotspot positions and also clonal mutations other than putatively ancestral ones. The GFP library, by contrast, produced no significant mutation hotspots or evidence of clonal expansion. Our final, curated libraries included a total of 393 (hTK) and 244 (GFP) mutations. These mutations are listed in Supplementary Table S4 , by position relative to RNA/DNA switch.
Pol I mutation frequency decreases with increasing distance from RNA/DNA switch Since pol I is replaced by pol III during plasmid replication, we expect a decreased frequency of pol I mutations with increasing distance to the RNA/DNA switch. To confirm this prediction, we took our largest data set (round 7 hTK library) and plotted the frequency of mutation at increasing distance for 100 bp intervals. The results, presented in Figure 2 , show a consistent decrease in pol I mutation frequency as replication proceeds along the plasmid sequence. This decrease is best modeled by an exponential function (r 2 = 0.79) (Figure 2 , trendline).
Error rate of pol I in vivo Table 2 presents the mutation spectrum for our largest library (hTK). Based on our biochemical understanding of ColE1 replication, which involves extension of an ori RNA primer by pol I, we considered these mutations primarily leading-strand replication errors, particularly in proximal areas. Given that the position of mutations relative to RNA/DNA switch is important to determine their origin, we broke down the mutation spectrum by distance intervals in Table 2 and used 800 bp (the distance where the mutation frequency is halfway between that of most proximal and that of most distal sequences) as the threshold distance to classify mutations as either 'close to ori' (proximal) or 'far from ori' (distal; Figure 2 ). Since mostly one strand is being synthesized in proximal areas (the leading strand), the mutation spectrum approximates the error rate of pol I in vivo (Figure 3a, Scenario 1 ). This data indicate that complementary pairs of mutations show significant differences in error rate, with one mutation being more frequent than the other within individual pairs. For example, A ! G mutations appear 32 times in the proximal hTK library, whereas the complementary T ! C mutation appears only nine times (P < 4.3 Â 10 À4 ). Likewise, C ! T mutations appear a total of 140 times, compared to only 29 times for the complementary G ! A mutation (P < 2.2 Â 10 À16 ). These differences are statistically significant in four out of six possible complementary pairs (Table 2 and double and triple asterisks in Figure 4a ). In all cases, hotspot mutations further increase the observed asymmetry (Figure 4b ), consistent with the idea that hotspot mutations are facilitated errors that the polymerase is already prone to making (27) .
Definition of marker mutations for lagging-strand synthesis
Differences in the error rate of complementary mutations can be used to define strand specificity, because a switch in the template would result in an inversion of the frequency bias ( Figure 3a , Scenario 2). Continuing with the examples above, T ! C and G ! A mutations would be expected to be more frequent than their corresponding complementary A ! G and C ! T mutations in areas of laggingstrand synthesis (Figure 3a, Scenario 2) . Therefore, we reasoned that 'least frequent' mutations for each complementary pair can help identify areas of lagging-strand synthesis because they will be more frequent in these areas than in areas undergoing only leading-strand synthesis. The level of enrichment will depend on the strand preference of the polymerase (Figure 3b) . Thus, for the remainder of the article we call these 'least frequent' mutations, namely T ! C, G ! A, T ! A, C ! A and G ! C (Figure 4a ) markers for lagging-strand synthesis. Please note that they are not signatures in the true sense of the word because we can't distinguish the strand of origin (Figure 3b) , however, we reasoned that since these mutations are enriched in areas of lagging-strand synthesis they can serve as markers to point us to them. Lagging-strand synthesis by pol I should be associated with processing of RNA primers, which is expected to happen at regular sequence intervals regardless of distance from RNA/DNA switch. The frequency of leading-strand mutations, on the other hand, exhibits an inverse correlation with distance ( Figure 2) . Therefore, the relative proportion of marker lagging-strand mutations should increase in distal portions of plasmid sequence. Figure 3 . Rationale for using polymerase error bias between complementary mutations to detect strand preference. The CG ! TA pair is used as an example, with a relative error rate of C ! T >> G ! A. Both strands are shown, and the light grey box highlights the leading (sequenced) strand. The thickness of the arrows is proportional to the mutation frequency, factoring in both the error rate and the strand preference of the polymerase. Dashed lines represent decreased strand preference (a) Single-strand synthesis. Since only the leading strand is sequenced, if the lagging strand is used as a template, the most abundant C ! T error appears as G ! A. This leads to an inversion in frequency bias following a template switch (i.e. G ! A >> C ! T). (b) Double-strand synthesis. The bias in frequency between the two complementary mutations is decreased depending on the relative frequency of leading versus lagging-strand synthesis (i.e. on the degree of strand preference). In the most extreme case (no strand preference, Scenario 5), the bias between complementary mutations is completely eliminated. In all cases (Scenarios 2-5), lagging-strand synthesis increases the proportion of 'least frequent' mutations (in this case, G ! A) on the leading-strand compared to the error rate of the polymerase (Scenario 1).
with our proposed use for these mutations as indicators of strand specificity. This analysis also shows a distal enrichment for T ! G mutations, making this mutation an additional marker for lagging-strand synthesis (Figure 4b ).
Identification of Okazaki processing sites
We next looked to see whether the marker mutations for lagging-strand synthesis described could identify a footprint for Okazaki processing (OP) sites. Mutations in these areas can be generated through replication of both strands, particularly in areas close to RNA/DNA switch, where significant leading-strand synthesis is occurring, decreasing the strand specificity of our markers (Figure 3b) . Therefore, based on the short length ($10 nt) of the RNA priming lagging-strand synthesis, we used an additional, more stringent consideration: short distance between marker mutations. Figure 5 shows the number of lagging-strand mutant positions that can be found clustered with a distance between each other of 8 nt. This distance is half the average distance between marker lagging-strand mutations within the sequence interval under consideration. Figure 5a shows our clustering analysis of marker lagging-strand mutations for the hTK library (n = 97). Three clusters clearly stand out in this library (TK-I, TK-II and TK-III), with between five and eight mutant positions each. The next observed cluster size is only three (six clusters), suggesting that three mutations are our level of background noise for $100 lagging-strand mutations. Figure 5b shows our clustering analysis for the GFP library (n = 80). In this library we found four clusters containing more than three mutations (GFP-I, GFP-II, GFP-III, GFP-IV). Thus, between the two libraries, we tentatively identified seven OP sites ( Figures 5 and 6 ).
Mutation profile is consistent with OP sites Figure 6 lists the marker lagging-strand mutations in the clusters shown in Figure 5 to have more than three mutations. Note that all types of marker mutations for lagging-strand synthesis are represented in these clusters, including the three most infrequent ones: T ! G, C ! A and G ! C, suggesting that OP sequences are enriched for all types of lagging-strand mutations rather than for specific ones. Table 3 shows the representation of lagging-strand marker mutations within clusters relative to total sequence coverage. Merging the hTK and GFP library data, we demonstrate a substantial enrichment for all six types of lagging-strand mutations. Even after correcting for biases in nucleotide representation within the OP sites (bias calculations are shown in Supplementary Table S3) , we see an overrepresentation of all six types of marker lagging strand mutations, with levels ranging between 2.3-and 10.6-fold. Their complementary mutations, on the other hand, show decreased representation, being 8.3-(hTK) and 2.4-fold (GFP) less frequent, even though they are overall 2-to 3-fold more abundant ( Figure 6 ). This inversion in the frequency pattern of mutations, with all 'least frequent' ones being enriched and 'most frequent' ones being underrepresented strongly suggests a switch in polymerase template. Lagging-strand marker mutations are very evenly distributed along OP sequence: 37 positions are mutant (30% of the total OP sequence), and only three of them have more than one mutation. This strongly argues Figure S1 . Note that the total number of marker lagging-strand mutations listed (n = 42) exceeds the total number of positions shown in Figure 5 within n > 3 clusters (n = 37). This is due to the fact that three positions (804 and 805 of hTK library and 1041 of the GFP library) had more than one mutation. Table 3 . Overrepresentation of marker lagging-strand mutations within putative OP sites Lagging-strand mutations Overrepresentation is defined as the percent of a given marker lagging-strand mutation within OP sites relative to the percent of the total, considering the fraction of sequence represented by these sites; in the case of hTK OP sites represent 4% of the total coverage, and in the case of GFP OP sites represent 5.8%. These values for overrepresentation were normalized by dividing the overrepresentation values by a 'nucleotide composition bias factor', a fudge factor expressing the relative abundance of individual nucleotides within OP sites (Supplementary Table S3 ). Values we were unable to calculate due to gaps in our data are indicated as N/A. against local sequence context (hotspot) effects on the fidelity of pol I synthesis; instead it is more consistent with a change in template altering the spectrum of mutations without changing its overall frequency. Thus, overall the mutation profile of the lagging-strand mutation clusters identified in Figure 5 suggests that these clusters most likely represent OP sites.
Sequence context of putative OP sites Figure 7 shows the sequences identified as putative OP sites, with $20 nt of additional flanking sequence on each side. The sequence is grayed out and mutant positions are highlighted in black. We also indicate the estimated length (in nucleotides) of the site, as well as the distance to the next marker lagging-strand mutation.
To facilitate visualizing these sequences in a wider sequence context, we also highlighted putative OP sites in Supplementary Figure S1 . OP sites are, on average, 16 nt long (varying in size between 22 and 12 nt) and often far (>30 nt) from the next lagging-strand mutation.
We also looked for signature 3 0 -PuPyPy-5 0 primase recognition sequences (28) at the 5 0 -end of the putative RNA primer, which corresponds to the 3 0 -end of our leadingstrand sequence. We were able to identify a 3 0 -PuPyPy-5 0 motif at the expected position in all but one OP site (Figure 7, boxed) . Thus, the sequence context of laggingstrand mutation clusters is also consistent with their interpretation as OP sites.
DISCUSSION
DNA polymerase I is one of five known polymerases expressed by E. coli (29) . Even though pol I was the first polymerase to be discovered, some questions regarding its function in vivo remain. Here, we address some of these questions by using the footprint of pol I-generated mutations in neutral sequence to define pol I replication templates.
We increased the mutation frequency of pol I by genetically altering the fidelity of this polymerase. Low fidelity pol I mutations may admittedly have pleiotropic effects such as altering the processivity of the polymerase, its efficiency to exchange with other polymerases, or its nick-translation activity. However, the dramatic increase in mutation frequency produced by our low-fidelity polymerase was critical for our experimental approach for two reasons:
(1) Minimal background from other mutation sources: the mutation rate of the muta-plasmid system is so far above that of spontaneous mutagenesis that it virtually guarantees that all mutations sequenced are produced by pol I. There is no question about the source of mutations in our system because the frequency of ColE1 plasmid mutation in vivo correlates directly with the fidelity of individual error-prone pol I alleles expressed (19) . (2) Direct sequencing: our elevated mutation frequency allowed efficient data collection by direct sequencing, bypassing the need for reporters. The absence of any significant functional selection allowed the generation of an accurate spectrum of mutations in vivo, and (even more importantly) of accurate data on the physical distribution of mutations along the plasmid sequence. This level of resolution was essential for the identification of a footprint for laggingstrand processing by pol I, which as it turned out is restricted to only $5% of the sequence.
Our first observation was a decline in pol I mutation frequency with increasing distance from RNA/DNA switch ( Figure 2) . We have recently reported a very similar decrease in mutation frequency with increasing distance from ColE1 ori using a streamlined muta-plasmid mutagenesis protocol (21) . This mutation frequency profile is consistent with a switch to pol III replication, as pol III is a high-fidelity polymerase and therefore not expected to leave a detectable mutation footprint in our system. However, this 'switch' is not as sharp as its name suggests; instead it occurs gradually over at least 1.3 kb. This gradual transition to pol III replication may be a default mechanism in the absence of the ssiB primosome assembly site for the leading strand (25, 26) ; alternatively, in ColE1 plasmids the switch between pol I and pol III polymerases may be far more gradual than previously thought.
We observed an asymmetric distribution of complementary point mutations that is more pronounced in areas that are proximal to the DNA/RNA switch (d < 800) ( Table 2 ). This pronounced asymmetry agrees with pol I's known role of mediating initiation of leading-strand synthesis because if there was no strand preference, we would expect the frequency of every pair of complementary mutations to be symmetrical (Figure 3b , Scenario 5) (30) .
Given that we sequenced the leader strand, we can assume that the mutation spectrum in proximal areas of the plasmid (shown in Figure 4a ) approximates the error rate of the polymerase in vivo, after proofreading and mismatch repair (Figure 3a, Scenario 1) . We have been unable to determine the mutation spectrum of our error-prone polymerase in vitro, but the in vivo data, we present here is consistent with what would be expected for an 3 0 ! 5 0 exonuclease-deficient pol I, with a predominance of transitions (83%) (31), a low frequency of frameshift errors (1.3% if we include hotspots) (31) , and the lowest frequency of mutation corresponding to mismatches involving pyrimidine opposite pyrimidine (5.8% between all four mutations) (32, 33) .
The contribution of mismatch repair, which preferentially resolves frameshifts and transitions (34) to the error rates of pol I in vivo, is unclear. The polA12 strain we used as a host is mismatch repair-proficient. Widespread mutagenesis can saturate mismatch repair (35) . In our case, mutagenesis is largely targeted to ColE1 plasmid sequences (15) and is therefore less likely to saturate the mismatch repair capacity of the cell than non-targeted in vivo mutagenesis. On the other hand, our muta-plasmid mutagenesis protocol involves prolonged culture under saturation conditions, which are known to deplete mismatch repair function through induction of the stress/starvation response (36) . The high representation of transitions, particularly of AT ! GC (the preferred substrate for mismatch repair) (34) , and the striking predominance of transitions in mutation hotspots (86%; 16% A ! G) (Figure 4b ) suggests that our system may exhibit decreased mismatch repair capacity (34) .
The asymmetry between complementary mutations mentioned above can be interpreted as a difference in the error rate of the polymerase for the two complementary mutations in vivo (Figure 3a, Scenario 1) . We exploited these differences to establish strand preference, as a switch in template strand should produce an inversion in the frequency bias between 'least frequent' and 'most frequent' mutations of the pair (Figure 3a , Scenario 2).
At d = 1100-1350 we detected the same bias as in proximal mutations, with 26 C ! T mutations, compared to 11 G ! A, (P < 0.033) ( Table 2 ). This indicates that pol I leading-strand synthesis continues for long distances (up to 1350 bp) in a significant fraction of the plasmids. This observation contrasts with in vitro studies, where a size of only between 100 and 300 bp was reported for the pol I extension product (11, 12) . It agrees, however, with another study of ColE1 plasmid replication in vivo showing that inhibition of primosome assembly through a dnaT mutation or by treatment with anti-dnaT antibodies results in 0.5-1 kb-long early replication intermediates (13) . This suggests that ori RNA primer extension by pol I may be longer in vivo than in vitro, possibly through recruitment of processivity factors such as the b-clamp, which stimulates pol I processivity in vitro (37) .
By contrast, at far distal (d > 3.5 kb) positions we see an inversion of the asymmetry, with more G ! A mutations (n = 7) than C ! T mutations (n = 4) ( Table 2 ; nine and five mutations, respectively, if GFP library data is included). This inversion suggests that leading-strand synthesis in this area is negligible (Figure 3a, Scenario 2) . This observation agrees with reports showing that pol III is essential for completion of ColE1 plasmid replication (38) and supports our use of marker mutations to identify strand preferences in replication.
Next, we looked for a mutation footprint that may correspond to Okazaki primer processing. We reasoned that mutations in proximal areas that show a negative bias in frequency compared to their complementary ones (Figure 4a ) should be enriched in areas of lagging-strand synthesis ( Figure 3) . We confirmed this approach showing that these marker mutations are enriched at distal positions (Figure 4c ). Combining frequency bias ('least frequent') and distal enrichment information we designated the following mutations as markers for lagging-strand synthesis: T ! C, G ! A, T ! A, T ! G, C ! A and G ! C, although the numbers were low for most transversions. In addition to an enrichment for marker lagging-strand mutations, we hypothesized that these mutations should be close to each other, as Okazaki primers are small (11 ± 1 nt) (39) . Combining spectrum and distance criteria we identified seven putative OP sites, three in the hTK library, and four in the GFP library ( Figures 5 and 6) .
The distribution and spectrum of mutations at these sites argues strongly against clustering due to a local increase in polymerase error associated with sequence context (hotspot effects). We can distinguish four lines of evidence supporting our proposition that instead lagging-strand mutation clusters represent OP sites.
(1) Inverted bias: marker lagging-strand mutations are overrepresented and their complementary mutations underrepresented at these sites ( Figure 6 ). Strikingly, the enrichment for marker lagging-strand mutations was not limited to one or two types; instead we found that all six types of marker point mutations were enriched, between 2.3-and 10.6-fold ( Table 3) . The most parsimonious explanation in this comprehensive shift in mutation pattern is a template switch. (2) No evidence for local increase in error rate: a local increase in polymerase error rate typically results in multiple hits in one or a few (two to three) adjacent positions, such as we saw in the hTK hotspots (Supplementary Figure S2) or as previously reported for the lacI reporter gene (34) . In contrast, at our putative OP sites mutations are remarkably evenly distributed: 37 positions (30% of the total number of positions) show marker lagging-strand mutations, and only three of these show more than one mutation. (3) Right sequence context: the DnaG primase is known to recognize the 3 0 -PuPyPy-5 0 motif for initiation of primer synthesis (28) . Therefore the complementary sequence for this motif would be expected to be at the 3 0 end of the OP (leading-strand) sequence (the 5 0 end of the RNA primer). We found this motif at the expected location in all OP sites but one (highlighted in Figure 7 ). (4) Positional enrichment: whereas at OP sites the frequency of leading-strand replication by pol I will be <100% (as it is partially replaced by pol III) and will vary depending on distance from ori, the frequency of pol I lagging-strand replication is 100%, because all Okazaki primers need to be processed for successful replication. Therefore each iterative cycle of mutagenesis should increase the differential between frequencies of leading-versus lagging-strand replication. This prediction agrees with our experimental data: for comparable numbers of lagging-strand mutations (97 versus 80) we see a much higher number mutations per site in the hTK library relative to the pGFPuv library (8.3 mutations/site versus 4.2 mutations/site, respectively), correlating with the number of iteration cycles (5-7 versus 1-2, respectively).
The size of our clusters [12-22 nt (Figure 7) ] is consistent with our interpretation of representing footprints for Okazaki primer processing. While we used proximity between lagging-strand mutations to identify these sites, we did not assume any particular size. The value we obtained is probably moderately under-estimated because the limits are defined by stochastic events (mutations), so our best guess is that OP sites are $20 nt in length. This size is significantly larger than the 11 ± 1 nt reported by Kitani et al. for Okazaki RNA primers (39) . That previously reported work was done in a rnhA strain of E. coli and the primer may have been partially processed by pol I, which has 5 0 ! 3 0 exonuclease activity. Other known prokaryote primases synthesize primers of between 17 and 30 bp in length (5), more in line with our $20 nt Figure 5 . Alternatively, mutations located at positions >12 nt from the primer 5 0 end may represent very limited nick-translation into DNA. Regardless of the origin of these additional nucleotides, our data indicate that Okazaki fragment processing by pol I is very limited, in agreement with a recent report estimating the contribution of pol I to chromosomal replication at 2% (40) .
The specific location of the OP sites varies between the two libraries, with the exception of the site closest to the ssiA site at positions 352-373 ( Figure 5 ), which is in an area of sequence shared between the two libraries. This suggests that primase recognition is sequence-context dependent. We found the 3 0 -PuPyPy-5 0 motif for initiation of primer synthesis (28) where we expected it in six out of seven sites. The preferred primase recognition motif is (on the lagging strand) GTC (28, 39, 41) . We detected this motif in one of our sites (TK-III). The most frequent motif we saw as 3 0 -PuPyPy-5 0 was ATT (three times). We ignore whether ATT (TAA on the leading-strand sequence) represents a preferred primase motif in ColE1 plasmids or whether this is a serendipitous finding due to the small number of OP sites represented in our study.
In sum, based on at least five different criteria regarding mutation distribution and spectrum, positional enrichment, size and flanking sequence context we have identified a mutational footprint very likely corresponding to lagging-strand processing by pol I.
Given that the different modalities of pol I replication in the cell differ mostly at the initiation steps, our observations regarding the transition between pol I and pol III replication and Okazaki fragment processing likely apply to pol I genomic replication and DNA repair as well.
The size of Okazaki fragments that we inferred for ColE1 replication based on the spacing between RNA processing sites is, on average, 260 nt. This size is remarkably short compared to the 1000-2000 bp range described for oriC (chromosomal) replicons (42) . The primosome assembled for initiation of ColE1 plasmid replication is essentially identical to the PriA-dependent replisome recruited to R-or D-loops during DNA repair (6, 16) . Gaps that form during lagging-strand synthesis are known to play a major role in processing replication blocks by facilitating strand-switch and replication fork reversal (43) (44) (45) . If confirmed, the presence of short Okazaki fragments during PriA-dependent replication could assist in the processing of replication blocks.
Mutational footprinting has allowed us to follow the switch from pol I to pol III replication during leading-strand synthesis and even RNA processing by pol I on the lagging strand, which is restricted to very short sequences. Deep-sequencing and other improvements in sequencing technologies should enable the use of this genetic strategy to map templates for other prokaryotic or eukaryotic polymerases in vivo so long as a mutation signature can be defined (46) and/or the mutation frequency of the polymerase can be sufficiently elevated [(46) and this study]. Finally, our mutational footprinting approach can also be used more broadly to study processing of specific lesions by individual polymerases in vivo and to investigate how polymerase activity may be affected by sequence topology or by interactions with protein partners such as DNA repair or processivity factors.
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